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SiO, nanoparticles were used to regulate the crystallizing process of lead halide perovskite films prepared by the
sequential deposition method, which was used in the low-temperature-processed, carbon-electrode-basing, hole-conductor-
free planar perovskite solar cells. It was observed that, after adding small amount of SiO, precursor (1 vol%) into the
lead iodide solution, performance parameters of open-circuit voltage, short-circuit current and fill factor were all upgraded,
which helped to increase the power conversion efficiency (reverse scan) from 11.44(£1.83)% (optimized at 12.42%) to
14.01(£2.14)% (optimized at 15.28%, AM 1.5G, 100 mW/cm?). Transient photocurrent decay curve measurements showed
that, after the incorporation of SiO; nanoparticles, charge extraction was accelerated, while transient photovoltage decay
and dark current curve tests both showed that recombination was retarded. The improvement is due to the improved crys-
tallinity of the perovskite film. X-ray diffraction and scanning electron microscopy studies observed that, with incorpora-
tion of amorphous SiO; nanoparticles, smaller crystallites were obtained in lead iodide films, while larger crystallites were
achieved in the final perovskite film. This study implies that amorphous SiO, nanoparticles could regulate the coarsening
process of the perovskite film, which provides an effective method in obtaining high quality perovskite film.

Keywords: perovskite solar cell, carbon-electrode, crystallization, low temperature, SiO», lead iodide
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1. Introduction

Perovskite solar cells (PSCs) have attracted a great deal of
attention due to their rapid development of photo-to-electric
power conversion efficiency (PCE). The efficiency has in-
creased from 3.8% in 20091 to the latest 25.2%,2! which
is appealing for the potential commercialization. However, it
has been seriously hampered by two problems, price and sta-
bility. Usually these PSCs use precious metals (such as Au,
Ag, and Cul®>)), and expensive hole-transporting materials
(HTMs, such as PTAAB! and spiro-OMeTAD!®)). This not
only increases the manufacturing costs, but also affects device
stability. Replacing metal electrodes and HTMs by carbon-
electrode could help to solve these problems, since the latter is
cheap in price, inert to electrochemical corrosion, highly con-
ductive and holding suitable work function (~5.0 eV). These
merits trigger the so-called carbon-electrode-based PSCs (CP-
SCs, and often “hole-conductor-free” is titled). Since the pio-
neered mesoscopic CPSCs proposed by Han’s group,!”-8! un-
til now several structures have been proposed, for example,
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t,[%19 quasi-planar,'"'?1 and planar CPSCs.!"’!

embedmen
These devices have shown excellent stability. However, the
power conversion efficiencies (PCEs) of these CPSCs are right
now relatively lower than those of devices based on metal-
electrodes, thus it is essential to be upgraded.!'"*! To im-
prove the device performance, healing the interface between
perovskite and carbon electrode was observed to be helpful
due to the accelerated charge transfer.!'3!>161 On the other
hand, bulk engineering also works. In the studies of metal-
electrode-based PSCs, improving crystallinity of the active
layer or the lead halide perovskite (PVSK for short) is found
to be the key to obtain higher efficiencies. Several strate-
gies have been proposed. For example, in 2014, Huang and
co-workers found that, solvent annealing could improve the
crystallinity of MAPbIz (MA = CH3NH3) and thus the device
performance.!'”! You ef al. observed that moisture-assisted
annealing was also useful to the crystallization of the MA-
based perovskite.“SJ For FA [CH(NH,),]-based perovskite,

several studies showed that importing small ions such as MA™,
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RbT, CsT, KT, Cl, Br~ could facilitate the nucleation and
growth of the desirable a-FAPbI; (black phase).[!%>3! Im-
pressively, Han ef al. in 2014 reported that solvent addi-
tive of dimethyl sulfoxide (DMSO) could retard the crys-
tallinity of the Pbl,, which then led to improved crystalliza-
tion of MAPbI; in sequential formation routine.**! Chen et
al. observed that intermediate phase could be formed be-
tween DMSO and Pbl,, which favored the formation of PVSK

5.125:261 On the other hand, porous structured Pbl,

27-29]

crystallite
films could improve the crystallinity of PVSK films,!
while adding polymers or nanomaterials into the perovskite
precursor could also favor the crystallizing process of photo-
active materials. [30-3>]

As an alternative, in this work, SiO, nanoparticles
(SiO; NPs thereafter) were mixed with Pbl, solution,
aiming at favoring the crystallization process of PVSK
(FAg75sMA( 25Pbl 31Clg.19) and thus improve performance
of carbon-electrode-based devices. As will be shown later,
these nanoparticles could retard the crystallinity of Pbl, films,
through which crystallinity of resultant PVSK films can be
upgraded. The improved crystallinity then upgrades the de-
vice efficiency of the low-temperature planar CPSCs from
<15%'"3) to 15.28% (reverse scan, AM1.5G, 100 mW/cm?,
corresponding to 14.46% for the maximum power point track-

ing).

2. Experimental section
2.1. Materials

Carbon black (99%, graphite (99.8%,
Sinopharm), zirconium oxide (ZrO;, 99%, Sinopharm),

Sinopharm),

SiO; nanoparticles (A380, Degussa), hydroxypropyl cellu-
lose (HPC, M.W.=100000, Aladdin), tin (I) chloride de-
hydrate (SnCly-H>O, 98%, Sinopharm), lead iodide (Pbly,
99.99%, Xi’an Polymer Light Technology Corp.), formami-
dinium iodide [HC(NH;),1, FAI, 99.5%, Xi’an Polymer Light
Technology Corp.], methylammonium bromide (CH3NH3Br,
MABr, Xi’an Polymer Light Technology Corp.), methylam-
monium chloride (CH3NH3Cl, MACI, 99.5%, Xi’an Polymer
Light Technology Corp.), anhydrous N,N-dimethylformamide
(DMF, 99.9%, Sigma), isopropyl alcohol (IPA, 99%, Sigma),
acetone (99%, Sinopharm), dimethyl sulfoxide (DMSO,
99.8%, Sigma), ethanol (99%, Sinopharm), terpineol (95%,
Sinopharm) were purchased from market, and the received
samples were used without further purification. Deionized wa-
ter was prepared in laboratory.

2.2. Fabrication of the carbon-electrode-based low-

temperature planar perovskite solar cells

In our experiment, 2 g SiO, nanoparticles were dispersed
in 10 mL DMF and filtered so as to remove the large parti-
cles. The obtained SiO; precursor solution was then added

into Pbl, solvent as DMF, for example, 1% SiO» precursor
was 10 pL SiO; precursor + 890 uL. DMF + 100 mL DMSO.
Carbon paste was prepared as follows: carbon black powder
(2 g), graphite powder (6 g), ZrO, powder (1 g), hydrox-
ypropyl cellulose (1 g) and terpineol (30 mL) were mixed by
ball milling at 300 rpm for 24 h. FTO substrates were ultra-
sonically cleaned in deionized water, acetone, isopropyl alco-
hol each for 10 min, dried in oven, and then further treated
in UV-ozone for 20 min. An SnO; layer was prepared as fol-
lows: SnCl,-H;O solution (0.1 mol/L in ethanol) was spin-
coated on FTO using speed of 3000 rpm (30 s), followed by
heat-treating on hot plate at 150 °C for 1 h and UV-ozone irra-
diation for 20 min. A perovskite layer was prepared using the
so-called sequential method. Firstly, Pbl, solution (1.5 mol/L
in mixed solvents of DMF and DMSO, with volume ratio of
9:1 (DMF:DMSO) was spin-coated on the as-coated SnO,
film at 3000 rpm for 30 s, and then annealed at 70 °C for
1 min. Secondly, mixture solution of FAly7sMAlj osMACly 19
(Mpar:Myar:Myact = 90 mg: 6.38 mg : 9 mg, dissolved in
1 ml isopropanol) was spin-coated on top of the Pbl, film
(2000 rpm for 20 s), and annealed at 140 °C for 20 min to ob-
tain the PVSK film. Finally, a carbon electrode was deposited
by doctor-blading the carbon paste on top of the perovskite
film, and dried at 100 °C for 30 min, after which the devices
are ready for performance evaluation.

2.3. Material characterization and device performance
evaluation

Morphological properties of the lead iodide and per-
ovskite films were characterized by high-resolution transmis-
sion electron microscopy (HR-TEM, model G2 f20) and scan-
ning electron microscopy (SEM, TESCAN MIRA3 LUM), re-
spectively. In addition, element distribution of the films was
studied by energy dispersive x-ray spectroscopy (EDX) af-
filiated to the SEM. Crystallographic properties of materials
were characterized x-ray diffraction (XRD, D500, Siemens).
X-ray photoemission spectroscopy (XPS, SPECS XR-MF) of
the materials was characterized using a monochromatized Al
source with hv of 1486.6 eV and incidence angle of 54°
(resolution of the spectrometer is 70 meV). Current-voltage
curves of the low-temperature CPSCs were recorded by a dig-
ital sourcemeter (model 2400, Keithley Inc.) under simu-
lated illumination (AM1.5G, 91160S, Newport) with inten-
sity of 100 mW/cm? (before test, the intensity was cali-
brated by standard silicon cell SRC-1000-TC-QZ-N, Oriel).
Transient photovoltage/photocurrent (TPV/TPC) decay curves
were measured by a home-made system including a digital os-
cilloscope (Keysight DSO-X 3104A) and Nj laser (NL10O,
337 nm, Stanford). For TPV measurement, background illu-
mination was used to generate open circuit voltage (Voc) of
about 950 mV, then laser pulse was imported to generate small
AVoc which was less than 5% of the background Vpc. Ex-
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ternal quantum efficiency (EQE) was tested by spectrum per-
formance testing system (7-SCSpec, Beijing) with AC mode
(14 Hz). Storage stability of the devices was tested by stor-
ing the devices in dark [ambient, with relative humidity of
45(%£10)%, no encapsulation was used]. Periodic test was per-
formed to evaluate the storage stability.

3. Results and discussion

Fabrication process of the low-temperature planar CP-
SCs is shown in Fig. 1(a), following the protocol de-
scribed in the previous work.['3l A sandwiched structure of
“FTO/SnO,/PVSK/C” is adopted (as shown by the typical
cross-sectional SEM image in Fig. S1). To make it compati-
ble with the low temperature procedures, treating temperature
of the SnO, layer was reduced from the previously adopted
180 °C to the currently used 150 °C.!"3) To tune the crystal-
lization of both Pbl, and afterwards PVSK films, trace amount
of Si0, NPs was imported to the system by mixing SiO, pre-
cursor (1 g/10 mL) into Pbl, solution with varied volume ra-
tios, or 0, 0.1%, 1%, 10%, etc. To help discussion, the volume
ratio between SiO, NPs and Pbl; is also estimated, for exam-
ple, it is about 1/2570 when volume ratio of SiO; precursor is
0.1%. As a result, expansion effect of the SiO, NPs could be
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Fig. 2. XRD patterns of (a) Pbl, and (b) PVSK films with addition of SiO, NPs (volume ratios of the SiO, precursor were marked). (c)
Enlarged diffraction peaks of Pbl, (001) and PVSK (110) [dashed lines show the full width at half maximum (FWHM) of each peak]. (d)
Effect of SiO, NPs on the average crystallite size of Pbl, and PVSK. (e)-(h) Typical scanning electron microscopy images of PVSK films with
addition of SiO, NPs. Distribution histograms of grain sizes are shown in inset of the images.

PVSK(control)

Effect of SiO, NPs on the crystallization behavior of Pbl,
and the afterwards-formed PVSK films were studied. XRD
study showed that adding SiO, NPs could retard the crys-
tallization of Pbl. As seen in Fig. 2(c), with volume ratio
of the SiO, precursor, the FWHM of the peak of Pbl, (001)
increases; while for the PVSK films, the FWHM decreases.
To show it more clearly, average crystallite size is calculated
by Scherrer’s formula using the FWHM peaked. As shown

Intensity /arb. units

neglected. For comparison, x-ray diffraction study was per-
formed on these SiO NPs. As is expected, these nanoparti-
cles are mainly amorphous when considering the low intensity.
Transmission electron microscope (TEM) image in Fig. 1(c)
shows that the SiO, NPs are well-dispersed, with particle sizes
of about 10 nm.
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Fig. 1. (a) Schematic figures for the preparation of low temperature,
planar CPSCs with addition of SiO, NPs in Pbl, solution. (b) XRD
pattern of the SiO, NPs. (c) TEM image of the SiO;, NPs.
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in Fig. 2(d), opposite trends are illustrated. With amount of
SiO; NPs increases, Pbl; crystallites tend to be smaller, while
PVSK crystallites become larger. The improved crystalliza-
tion of PVSK could also be reflected from morphology stud-
ies. As shown by the scanning electron microscopy (SEM)
images, with increase of the volume ratio of SiO, NPs, larger
PVSK grains could be harvested. For example, average grain

size is around 500 nm before SiO; incorporation, but increases
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to be around 700 nm after adding 1% (volume ratio) SiO, pre-
cursor into Pbl; solution. The SiO, NPs distributed uniformly
in both of the Pbl; and PVSK films, as being reflected by EDS
mapping (Figs. S2 and S3). The above studies tell us that SiO;
NPs have retarded the crystallization of Pbl,, but favored the
crystallization of PVSK.

The improved crystallinity of the PVSK could also be re-
flected by absorption behavior and the lifetime measurement.
UV-vis absorption spectra in Fig. 3(a) show that, after in-
corporation of SiO, NPs, extinction of PVSK is improved,
while time-resolved photoluminescence (TRPL) in Fig. 3(b)
shows that lifetime of the photo-generated charge-carriers is
increased after incorporation of SiO, NPs. The prolonged life-
time would be helpful for the power conversion of the per-
ovskite solar cells.

From the above studies one could see that retarding the
crystallization of Pbl, is beneficial to obtain higher quality
PVSK films. The regulated crystallite growth of PVSK could
be well understood by considering the interaction between
SiOz and PbIz.
Fig. 4(a) reflects that, after incorporation of SiO, NPs, bind-
ing energies of both Pb 4f and I 3d shifted, indicating pos-
sible interaction between them. For better illustration about
the regulation brought by SiO, NPs, schematics are drawn in
Fig. 4(b). Due to the disruption brought by SiO, NPs, crystal-
lization process of Pbl, is affected. Thus the Pbl, film tends
to be more amorphous, which is beneficial to the crystalliza-

X-ray photoemission spectroscopy test in

tion process of the afterwards-growing PVSK film. Since the
amorphous state of Pbl, makes it easier for organic ions (like
FAT, MA™, I, etc.) to diffuse and react with Pbl,.[27-2936] [t

is worth noting that the SiO, NPs had not obviously modified
the film morphology of Pbl,. This is different from the result
revealed by Yi et al., who observed that porous structure could
be brought by evaporating DMSO in fresh Pbl, films.*8! Here
it is shown that the amorphous SiO; NPs could retard the crys-
tallization of Pbl,, which is similar to that brought by DMSO
as proposed by Han er al.’**! Thus one more strategy is pro-
vided to regulate the crystallization process of the PVSK films.
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Fig. 3. (a) UV-vis absorption spectra, and (b) time-resolved photolumi-
nance spectra (TRPL) of PVSK films with incorporation of SiO, NPs.

(b) Schematic for SiOs NPs regulated crystallization
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Fig. 4. (a) X-ray photoemission spectra of Pbl, films with or without incorporation of SiO, NPs. (b) Schematic of the effect of SiO, NPs on

regulated crystallization of PVSK film.

It was observed that adding small amount of SiO, NPs
into Pbl, solution (and then the PVSK films) could upgrade
device efficiency of the low-temperature planar CPSCs. As
reflected by the typical current density—voltage (J-V) curves
shown in Fig. 5(a), the corresponding performance parame-

ters including open-circuit voltage (Voc), short-circuit current

density (Jsc), fill factor (FF) and power conversion efficiency
(PCE) are also listed in Table 1. It was observed that addi-
tion of SiO, NPs upgrades Jsc, Voc and FF in all. For bet-
ter illustration, these three performance parameters, as well
as the PCE, are all collected and plotted against the volume
ratio of SiO; precursor in Fig. 5(b). About 20 separated de-
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vices were used. Compared with the control devices (w/o SiO»
NPs), all of the four parameters have been upgraded, espe-
cially for the case of moderate ratio of 1%. Concretely, FF in-
creases from 52.92(49.64)% to 61.17(+8.37)%, Jsc increases
from 23.05(£0.55) mA/em? to 23.51(£0.63) mA/cm?, Voc
increases from 0.949(£0.019) V to 0.988(40.014) V, these
help to upgrade PCE from 11.44(£1.83)% to 14.01(£2.14)%,
with the optimized at 15.28% (Fig. S4).
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Fig. 5. (a) Typical current density—voltage (J-V') curves of as-fabricated
devices recorded from reverse scan under simulated illumination (AM
1.5G, 100 mW/cm?, testing area is 0.0514 cm?). (b) Effect of volume
ratio of SiO, precursor on the performance parameters (reverse scan)
and hysteresis index (HI).

To verify the improvement in photocurrent, external
quantum efficiency (EQE) tests were performed. As shown in
Fig. S5, the similar trend is observed in the integrated current
density. Hysteresis behavior is also examined by collecting the
PCEs from both reverse/forward scans. Hysteresis index (HI)
factors are calculated using the method described before.°]
As shown in bottom of Fig. 5(b), incorporation of SiO, NPs is

15

also favorable to reach lower hysteresis. HI decreases slightly

from 13.69(£3.29)% to 12.72(£2.24)% (ratio of 1%).

Table 1. Performance parameters picked from the J-V curves in

Fig. 5(a).

SiO; precursor/vol%  Voc/V Jsc/mA-cm~2  FF/%  PCE/%
0 0.954 2291 54.77 11.97
0.1 0.968 23.18 57.18 12.83
1 0.987 23.83 61.94 14.57
10 0.977 23.22 61.53 13.96

Charge transport and recombination dynamics of the low-
temperature planar CPSCs were explored with respect to the
addition of SiO, NPs, based on transient photocurrent/voltage
(TPC/TPV) decay curves tested. Typical TPC/TPV curves
are shown in Fig. S6. For comparison, extraction time (t4)
and lifetime (7) of photo-generated carriers were picked from
these transient decay curves, which are shown in Figs. 6(a)
and 6(b), respectively. Similar to those performed in device
performance parameters, statistics were also performed. It
could be clearly seen that importing SiO, NPs could accel-
erate charge transport, while retard recombination processes
of the photo-generated charge carriers. Take charge extrac-
tion time 74 as an example, it starts from 12.84(£1.71) us of
the control devices (without addition of SiO, NPs), and de-
creases to 11.55(41.10) us, 6.75(£1.49) us after adding SiO,
NPs at volume ratios of 0.1% and 1%. As for life time (7),
it begins at 10.68(£3.00) ps of the control devices, and pro-
longs to 15.13(£4.55) us, 56.24(£11.9) ps for volume ratios
of 0.1% and 1%, respectively. The case of 1% comes out with
smallest extraction time (#q) and longest life time (7). Com-
paring Figs. 6(a) and 6(b) to the performance parameters in
Fig. 6(c) could find that the evolution trend of #4 is opposite
to Jsc, while the trend of lifetime 7 is in parallel with Vpc.
Such a phenomenon is quite similar to the previous studies.?!!
Thus accelerating charge extraction is beneficial to the output
of photocurrent, while prolonged lifetime is favorable to out-
put of Voc.?7! The prolonged lifetime is due to the reduced re-
combination. This could also be reflected by dark current test.
As shown in Fig. 6(c), at given bias, devices with incorpora-
tion of SiO, NPs produce lower dark current. Additionally the
case of volume ratio 1% comes out with lowest dark current.

e (a) Br(b)
12 @ é 50 F
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.
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Fig. 6. Effect of volume ratio of SiO; precursor on (a) charge extraction time [#4, extracted from transient photocurrent (TPC) decay curves], (b) lifetime
[T, extracted from transient photocurrent (TPV) decay curves], and (c) dark current density—voltage curves of the low-temperature planar CPSCs.
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Storage stability and maximum-power-point tracking
(MPPT) were tested at ambient air and in dark, with RH of
about 45%, and no encapsulation was used.'3! As shown in
Fig. 7(a), besides the slight increase in the first 30 days, the
device efficiency changed slowly in the afterwards 100 days,
showing sound storage stability of the low-temperature planar
CPSCs. As for the increase in the starting 30 days, it may be
ascribed to the slow-strengthening contact between the PVSK
film and the top carbon electrode.!'3! Careful examination in
Fig. 7(b) could observe that devices assembled with SiO, NPs-
regulated PVSK films come out with better stability. Photo-
stability was also measured. Similar to the storage stability,
the device assembled from the SiO, NP-regulated PVSK film
comes out with better stability. The improved stability is as-
cribed to the upgraded crystallization of the PVSK films. As
stated above, with incorporation of moderate amount of SiO;
NPs, larger crystallites and also larger grains were obtained,
which reduced the defects in the PVSK films, and thus fa-
vored the stability of the device system. As a result, higher
crystallinity of the PVSK film is favorable to device stability.

15f (a)
12F 3
X
& 9r
8 —@— control
6r —@— 0.1 vol%
3k —0— 1 vol%
—@— 10 vol%
0 1 L 1 L 1 L 1
0 40 80 120
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i 14.46% (JV) (b)
12 b 12.19% (JV)
é s _(—‘ control @0.60 V
5 — 1% @0.69 V
Q_4 -
4 -
0 L 1 L 1 L 1 L 1
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Time/s

Fig. 7. Stability test of the low-temperature, carbon-electrode-based
PSCs. (a) Storage stability and (b) photo-stability or the test of so-
called maximum-power-point tracking (MPPT). No encapsulation was
used, and for storage-test, the devices were stored at dark with relative
humidity of 45%(£+10%).

4. Conclusion

Finally, it comes to show that SiO, NPs could retard
the crystallization process of Pbl, films, making them more

amorphous and also easier for the organic ions to diffuse

in reaction with Pbl,. Such a strategy is verified to be ef-
fective in achieving better crystallinity of PVSK, and help-
ful in accelerating charge transport and retarding recombina-
tion process, and then upgrading the device performance of
the low-temperature-processed carbon-electrode-based planar
perovskite solar cells. This work provides an effective method
in regulating the crystallization of the PVSK.
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